Because the human hepatoma cell line Hep3B produces erythropoietin (Epo) in a regulated fashion, it can be used t o investigate the cis-acting regulatory elements of the Epo gene. Comparison of primate and mouse sequences shows strong homology not only in the coding sequence but also within the 5' flanking region, the first intron, and the 3' flanking region. These portions of the Epo gene were inserted 5' and 3' t o a reporter gene, human growth hormone (GH). 5A is a 1,192-base pair (bp) Hindlll-Xbal fragment that extends from 378 bp 5' t o the cap site through the first intron. To obviate the problem of false initiation of translation from the Epo ATG start codon, this site was changed t o TAG by site-directed mutagenesis. 3A is a 255-bp Accl-Bglll fragment that extends 67 bp upstream from the Epo termination codon and covers most of the 3' noncoding region of homology. The plasmid DNAs were transfected by electroporation into Hep3B cells with RSVCAT as an internal standard t o correct RYTHROPOIETIN (Epo) is produced in the kidney E and in fetal liver in response to hypoxia,' the physiologic stimulus, as well as to cobalt chloride' and certain other transition metals.' The hormone travels to hematopoietic tissues where it stimulates proliferation and differentiation of committed erythroid progenitor cells. Recent in situ hybridization studies suggest that in the kidney Epo mRNA is localized in a subset of peritubular cells.435 The site of Epo production in the liver remains uncertain. In addition, little is understood about the mechanism by which hypoxia leads to increased expression of the Epo gene.
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Molecular cloning and sequencing of the humany monkey: and mouse Epo gene^^^'^ has allowed a fresh approach to investigating regulation of Epo production. The Epo gene, shown in Fig lA, is somewhat unusual in that its promoter lacks classic canonical CAAT and TATA elements at approximately -80 and -30, respectively? Furthermore, there is no conserved lymphokine element (CLE: GAGA'ITCCAC) that has been detected in human and mouse interleukin-3 (IL-3), GM colony-stimulating factor (GM-CSF), and G-CSF at -100 to -300 base pairs (bp) 5' of the cap site." In view of well-documented biologic cross-reactivity, it is not surprising that strong homology exists between human and mouse Epo gene in the coding sequences ( Fig 1A) . More interesting is the fact that an equivalent degree of homology exists in three stretches of noncoding sequence: (a) the 140 bp upstream from the transcriptional start site, (b) two segments within the first intron, and (c) 100 to 220 bp downstream from the translation termination codon. Conservation of these stretches suggests, but by no means proves, that they include regulatory elements of the Epo gene.
We recently demonstrated that the human hepatoma cell line Hep3B can be induced to produce Epo in response to hypoxia and cobalt.I2 Furthermore, with such stimulation, markedly increased levels of Epo mRNA are observed?." As shown below, this Hep3B cell line can be transfected by electroporation. Therefore, Hep3B cells are ideal for evaluating putative &-acting regulatory elements of the Epo gene. Experiments described in this article involve both transient and stable transfections of human Epo-reporter gene constructs into Hep3B cells. We present evidence that the above mentioned highly conserved noncoding 5' and 3' elements confer responsiveness to both hypoxia and cobalt.
MATERIALS AND METHODS
Cell culture. Hep3B and COS 7 cell lines were obtained from the American Type Culture Collection. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM), GIBCO, Grand Island, NY) supplemented with penicillin (100 UlmL), streptomycin (100 p,g/mL), and 10% fetal calf serum (Hazleton, Denver, PA), heat-inactivated at 56°C for 30 minutes. Cells were maintained in a humidified 5% C02/95% air incubator at 37°C. The culture medium was changed 1 day before all experiments. In some experiments, cells were grown at various oxygen tensions, in the presence of carbon monoxide, or both, as described previ~usly.~ A 4.0-kbp genomic clone of human Epo was a gift from Dr Charles Shoemaker of the Genetics Institute (Cambridge, MA). Human growth hormone (GH) gene was used as a reporter gene because the protein product is readily secreted from cells, accumulates in the medium, and can be measured with a high degree of sensitivity and specificity by means of a radioimmunoassay (RIA)." We used two GH constructs (supplied by Richard F. Selden, Massachusetts General Hospital, Boston, MA): XGH, in which the expression of GH is driven by the mouse metallothionein-I promoter (X in Fig lB) , and OGH, which lacks any artificial promoter. XGH has a multiple cloning site immediately upstream of the metallothionein-I promoter, and OGH has a polylinker immediately upstream of the G H gene. Both vectors have an EcoRI site at the 3' end of the G H gene.
Two stretches of the human Epo gene were investigated. 5A is a 1,192-bp HindIII-BuI fragment that extends from 378 bp upstream of the cap site through the first exon (which contains only 13 bp of coding sequence) and the entire first intron. As shown in Fig  IA, this stretch includes the region 5' to the cap site as well as those in the first intron that are homologous with the mouse gene. The unique XbaI site is fortuitously situated precisely at the junction between the first intron and the second exon (tlctugA). Accordingly, the 3' end of 5A is a consensus acceptor splice site (ugN). Therefore, transcripts initiated by the Epo promoter should contain the first Epo exon, whereas the first Epo intron should be spliced out. To obviate the problem of false initiation of translation from the Epo ATG start codon, this site was mutated to TAG by preparation of a gapped heteroduplex and a 15-bp mutant primer. Mutant colonies were selected by Grunstein hybridization. The mutation was verified by dideoxy sequencing. In the constructs 5AOGH and SAXGH, shown in Fig lB, 5A has been inserted into the polylinker upstream of OGH and XGH, respectively. 3A is a 255-bp AccI-BglII fragment that extends 67 bp upstream from the Epo termination codon and covers much of the 3' noncoding region that is homologous with the mouse gene. The 3A fragment was blunt-ended, ligated to EcoRI linker, digested with EcoRI, and then inserted into the EcoRI site 3' to the G H gene. The orientation of the insert, which contains a unique NcoI site, was established by a double digestion with BgnI and NcoI. As shown in Fig lB, 5AOGH3Ac and 5AXGH3Ac have 3A in the correct orientation downstream of GH gene, while 5AOGH3Ar and 5AXGH3Ar have 3A in the reverse orientation. A final construct, SAOGH~A'C-E, was prepared, in which a larger fragment of the 3' end of the Epo gene (3A') was inserted by blunt end ligation into the Smal site within the noncoding portion of the fifth exon of GH. Fragment 3A' shares the same 5'AccI site as 3A but extends 450 bp farther downstream to the artificial EcoRl site at the 3' end of the Epo genomic clone.
For transient transfection experiments, 20 pg of the above plasmid vectors was cotransfected with 10 pg of RSV-CAT, which served as an internal standard. Stable transfectants were prepared by cotransfecting the above plasmid vectors with PSV-Neo at a ratio of 9:l. The transfected cells were grown in G418-containing medium (0.4 mg/mL), and G418-resistant colonies were isolated, grown, and further evaluated.
The transfection efficiency of these vectors into Hep3B cells was quite low; eg, when transfected with XGH under identical conditions, COS 7 cells, in comparison with Hep3B cells, expressed four-to fivefold higher levels of GH. HepG2 cells could be transfected two to three times more efficiently than Hep3B cells, but they display less striking regulation with hypoxia and cobalt." To optimize the transfection efficiency of Hep 3B cells, we compared five different transfection methods: diethylaminoethano1 (DEAE) dextran,14 protoplast fusion," poIybrene,16 scrape and sonication loading," and electroporation." Electroporation provided the most efficient and reproducible means of transfecting Hep 3B cells. Five variables were independently assessed and optimized. The following conditions were chosen: 1 mL 20 mmo& HEPES buffer, pH 7.05, containing 137 mmol/L NaCI, 5 mmol/L KCI, 0.7 mmoI/L Na'HPO,, 6 m m o m dextrose; cell number 3 x 106/cuvette; vector DNA 20 pg (closed circular rather than linearized); carrier DNA 500 pg herring sperm D N A and voltage 250 V, capacitance 1,080 pF. Electroporation transfections were performed as described by Chu et a1." The time constant of the shock was 7 ms. Because production of G H was linear in a 4-day period, GH was assayed in the media after a 4-day incubation unless otherwise stated.
The RIA for Epo was performed using a high-titer polyclonal rabbit antiserum produced in our laboratory by means of a protocol similar to that of Egrie et
The RIA for human growth hormone was performed with a kit produced by Nichols Institute Diagnostics (San Juan Capistrano, CA). Chloramphemicol acetyltransferase (CAT) was measured as described by Neumann et a1."
Transfection.
Assays.
RESULTS
The Epo-GH vectors were transfected into the Hep 3B human hepatoma cell line that, as shown previously,'.12 produces high levels of Epo in response to hypoxia and cobalt and therefore has the trans-acting factors necessary for regulation of the Epo gene. Hep 3B cells were transfected with each of the EpoGH constructs shown in Fig 1B  along with RSV-CAT as an internal standard. At the end of 4-day incubations with 50 pmol/L CoCI, or 3-day incubaFor personal use only. on August 16, 2017 . by guest www.bloodjournal.org From tions with 1% 0,, GH was measured in the cell media, and the cell pellet was assayed for CAT (Tables 1 through 3) .
To correct for variations in transfection efficiency, these data were normalized to expression of CAT. As shown in Tables 1 through 3 , expression of CAT was quite variable, ranging from 4 to 81 U per plate, reflecting variability in transfection efficiency. Expression of CAT was not significantly affected by either hypoxia (1%/21% = 1.04 2 0.26; mean f 1 SD; n = 12) or cobalt (+Co/-Co = 0.90 2 0.29; n = 28).
The data shown in the righthand columns of Tables 1  through 3 and in Fig 2 were also normalized to the effects of cobalt or hypoxia on the expression of XGH and OGH, vectors that lacked Epo inserts. As shown in Tables 1 and  3 , cobalt exerted a trivial induction of XGH (+Co/ -Co = 1.21 f 0.17; n = 4) and no induction of OGH (+Co/-Co = 0.95 2 0.04; n = 3). Hypoxia caused a modest and barely significant induction of XGH (l%/ 21% = 1.46 4 0.36; n = 3).
Results in Tables 1 through 3 are expressed as the ratio of GH product to CAT activity, normalized to the effect of cobalt or hypoxia on XGH and OGH. As compared with XGH, the production of GH by 5AXGH was stimulated 1.7-fold by CoC1,. Addition of 3A 3' to the GH gene (5AXGH3A), regardless of its orientation, stimulated GH production about 2.5-fold with CoCI, (Table 1) . To test the physiologic regulation of the Epo gene, we incubated the cells at low (1%) oxygen tension ( Table 2) . As compared with XGH, addition of the 5' element resulted in a 1.8-fold stimulation. With further addition of 3A 3' to the GH gene (5AXGH3Ac and 5AXGH3Ar), hypoxia stimulated GH production 2.3-fold, regardless of its orientation. The results from transient transfections with the XGH constructs are summarized in Fig 2. Very similar results were obtained in parallel experiments in which Hep 3B cells were transfected with Epo/ OGH constructs that lack an artificial promoter ( Table 3 ). The differences observed as a function of the orientation of 3A were probably not significant because the GH signal from OGH-transfected cells was relatively low and therefore the experimental error was high.
For comparison with the above results in Hep3B cells, parallel transfections were performed in COS 7 (African green monkey kidney) cells. This cell line fails to produce Cells were cotransfected by electroporation with RSV-CAT and either XGH or one of the above Epo-XGH constructs and then incubated either under control conditions (standard medium 21% 0,) or in 1 % 0, for 3 days. Data were normalized to expression of CAT and to the effect of hypoxia on expression of the control construct lacking Epo inserts (XGH). Epo either constitutively or after exposure to 1% 0, and therefore presumably lacks the trans-acting factors necessary for regulation. Addition of the Epo 5' and 3' elements to GH constructs failed to induce significant stimulation of GH with either CoCl, or hypoxia (Table 4) . In stable transfection experiments, Hep3B cells were cotransfected with each of the closed circular EpoGH Table 4 . Transient Transfections of Epo-XGH Con plasmid constructs (Fig 1) and PSV-Neo. A high proportion of the G418-resistant colonies also should have incorporated the EpoGH plasmid DNA into the cell's genome. In all, 195 clones were tested. Of these, 44 clones secreted GH, and of these, 11 clones were subjected to hypoxia. Two clones, one transfected with SAOGH3Ac and the other with SAOGH~AC-E, showed strong induction of GH (described below) and four (transfected with SAOGH, 5AOGH3Ar, SAXGH~AC, and 5AXGH3Ar) showed modest induction similar to that obtained with transient transfections (Tables 1 through 3) .
In one clone, C@6, which incorporated plasmid SAOGH~AC, cobalt stimulated GH expression fourfold and hypoxia increased GH production 16-fold (Fig 3, top) . Furthermore, when these cells were exposed to 1% 0, and 10% CO, the expression of GH decreased by about threefold as compared with 1% 0, alone. As shown in the bottom panel of Fig 3 , levels of endogenous Epo in the media closely paralleled the GH levels. Production of Epo in this clone was similar to that previously observed in nontransfected Hep3B cells subjected to the same experimental maneuvers.' Southern blot hybridization of C@6 genomic DNA digested with four enzymes and probed with Epo cDNA showed bands in common with those in Hep3B cells, corresponding to the endogenous Epo gene, and additional bands (results not shown). The intensity of these novel bands indicated that the 5AOGH3Ac insert was amplified no more than twofold in C@6 cells.
In the 5AOGH3A (and 5AXGH3A) constructs, 3A was Cells were transfected by electroporation with RSV-CAT and either XGH or one of the above Epo-XGH constructs and then incubated either under control conditions (standard medium 21 YO 0,) or in 1 % 0,for 3 days or in 50 Fmol/L CoCI, for 4 days. Data were normalized to the expression of CAT and to the effect of hypoxia on expression of the control construct lacking Epo inserts (XGH).
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sequences had no demonstrable promoter function in COS 1 cells.9 In like manner, as a control we used the COS 7 cell line, which does not produce Epo either constitutively or following stimuli. Unlike COS cells, Hep 3B cells produce transacting factor(s) necessary for regulation of the Epo gene.
The length of the 5'-untranslated region of the Epo mRNA is at least 219 bp. In the survey of 211 eukaryotic mRNAs compiled by Kozak?' only six mRNAs had 5' noncoding sequences longer than 200 nt. The exact function of such unusually long 5' regions in mRNA is not known; however, they have been proposed to be involved in regulation of expression of inducible genes.23 In our transient transfection experiments, inclusion of 5A (the conserved 5' flanking region, first exon, and first intron) resulted in a 1.8-fold induction by hypoxia and cobalt. Addition of 3A, the conserved noncoding element of the fifth exon, regardless of its orientation, resulted in a 2.4-fold induction (Table 1) . Therefore, both the 5' and the 3' elements probably contribute to the response induced by hypoxia and cobalt. These effects are very modest, however, as compared with the >50-fold induction of Epo mRNA and protein noted in Hep3B cells3 as well as comparable induction noted in v~vo.*~-'~ With one clone, stably transfected with SAOGH3Ac and exposed to hypoxia or cobalt, induction of G H approached in magnitude that of Epo (Fig 3) . Moreover, the partial inserted downstream of the poly A site of the GH gene. Thus, the G H mRNA lacked the 3A sequence that comprises the noncoding 3' end of the Epo mRNA. Because of the possibility that this conserved 3' element affects the stability of Epo mRNA, we tested the construct (SAOGH~A'C-E), in which 3A' was inserted into the noncoding region of the 3' (fifth) GH exon (E), replacing the G H poly A site. The results of transient transfections with this construct were similar to those shown in Tables 1  and 2 (data not shown). In one clone, 68A-5-2, which stably incorporated the 5AOGH3A'c-E plasmid, cobalt stimulated GH expression 6.6-fold and hypoxia increased G H production 7.2-fold; addition of 10% CO decreased the expression to 4.9-fold. Thus, inclusion of 3A within GH mRNA did not affect the regulated expression of G H significantly.
DISCUSSION
The most highly conserved region of the noncoding portion of the Epo gene is found in the 5' region immediately upstream of the transcription initiation site. These Ep0.j The biologic effects of carbon monoxide depend specifically on its ability to bind to ferrous iron in heme proteins. Therefore, the results with this stably transfected clone strongly suggest that regulatory elements present in 5A and 3A permit response to the putative heme protein oxygen sensor.
In the transient transfection experiments, the modest induction of GH as compared with that of Epo may result from omission of important upstream and perhaps downstream regulatory elements. When Semenza et a121*27 prepared mice with a human Epo transgene containing 378 bp of flanking sequence upstream of the cap site, they observed high-level constitutive expression of human Epo and, after induction of anemia, enhanced expression in the liver but not in the kidney. Subsequent transgenic mice carrying 6 kb of upstream hEpo sequence generally had much less constitutive expression of hEpo. Four of nine had hepatic regulation, and none had regulation in the kidney." These observations are consistent with our demonstration of regulation in the hepatic cell line, Hep3B, with a reporter construct containing 378 bp of upstream sequence and high-level induction in selected clones. Both the transgene experiments as well as the limited data we have obtained on stable transfectants suggest that the insertional site is a critical determinant of Epo gene regulation.
Confidence in the interpretation of this stable transfection experiment would be enhanced by demonstrating that the reporter hybrid mRNA (EpoGH) has the same transcriptional start site as endogenous Epo mRNA. We have not yet been able to map the cap site of these mRNA For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From species, perhaps because Epo's first exon is very (80%) GC rich and therefore prone to a high degree of secondary structure. In the initial report on the cloning of the Epo gene, Jacobs et aI6 were not able to establish the transcriptional start site of the human Epo gene. More recent ribonuclease protection analyses of Semenza et aIz1 on Epo transgene mRNAs, as well as endogenous message from Hep3B cells, suggest the presence of several transcriptional start sites.
Schuster et ala used nuclear runoff experiments to demonstrate that transcription of the Epo gene increased markedly in kidneys of hypoxic mice. Three additional lines of indirect evidence suggest that Epo gene regulation is at least partly at the level of transcription. First, significant sequence homology exists in the putative regulatory region 5' of the cap site as well as in the first intron. Second, our transfection studies using constructs containing SA show induction of GH in the presence of cobalt or hypoxia and a further increase when fragment 3A is inserted downstream of the GH gene. Thus, 5A and 3A functioned as cell-specific and stimulus-specific cis-acting elements. Third, Beru et aIz9 have presented gel shift and ultraviolet cross-linking data demonstrating cobalt-induced alterations in the binding of conserved upstream Epo fragments to proteins in kidney nuclear extracts. Goldberg et aI3' show that in Hep3B cells the >50 increase in steady-state Epo mRNA induced by hypoxia and cobalt results from the approximately 10-fold increase in the rate of transcription and a concomitant increase in mRNA stability. To ascertain whether 3A, the conserved noncoding element in the fifth exon, conferred regulation by mRNA stability, we tested a construct (5AOGH3A'c-E) in which this element was included in the 3' end of the GH mRNA. Despite the negative results obtained with both transient and stable transfection experiments, the 3A element within its native context in Epo mRNA could well affect stability. For personal use only. on August 16, 2017 . by guest www.bloodjournal.org From
